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I. RESEARCH OBJECTIVES

Current ability to transfer engineering data, on rocket chamber and plume

combustion, from present to advanced propulsion systems is hampered by a lack

of understanding and knowledge of individual Al and B species reactions and the

ways by which temperature affects the reaction rate coefficients. The Arrhenius

equation k(T) = A exp(-EIRT) has over limited temperature ranges been of great

value. However, over the large temperature ranges of interest to rocket

propulsion systems, order of magnitude errors can be made by extrapolations

based on it, particularly for exothermic and slightly endothermic reactions.*

Other k(T) expressions and current theory are inadequate to predict or describe

the observations made thus far for reactions of metallic propellant species.

The goals of the work reported have been to provide,, through accurate

measurements, "reliable data on, and improved insight into, the kinetic behavior of
f.~

A and + atom, monohalide and monoxide radical oxidation reactions, as

influenced by temperature. The measurements have been made using the HTFFR

(high-temperature fast-flow reactor) technique. HTFFRs are unique tools, which

provide measurements on isolated elementary reactions in a heat bath. With

traditional high-temperature techniques, such as flames and shock tubes, such

isolation is usually impossible to achieve; as a result, data on any given reaction

depend on the knowledge of other reactions occurring simultaneously, leading to

large uncertainties. ( HTFFRs allow kinetic studies from room temperature up to

about 1900 K to provide wide range k(T) (temperature-dependent rate

coefficient) data.- In the work reported, laser-induced fluorescence LIF has been

used to monitor the metallic atom or radical reactant concentrations, as a function

* A Fontijn and R. Zellner, "Influence of Temperature on Rate Coefficients of Bimolecular

Reactions," Reactions of Small Transient Species. Kinetics and Energetics, A. Fontijn and
M.A.A. Clyne, Eds., (Academic Press, London, 1983), Chap. 1.
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of time, concentration of the molecular oxidant (present in excess), temperature

and pressure.

Most tri-atomic products of the oxidation reactions of the monoxides and

monohalides have no identified electronic transition spectra and cannot be

detected by LIF. To unambiguously establish the kinetics of reactions involving

these tri-atomics and ultimately to develop a good understanding of the reactions

leading to the final combustion products, A12 0 3 and B20 3 , we have under the

present grant constructed an HTFFR with mass spectrometer detection.

Measurements with this new facility are to performed under a follow-up grant.

These general objectives and a systematic of the experimental facilities are

illustrated in Fig. 1.

II. RESULTS

In Fig. 2 our rate coefficient measurements for Al system reactions are

summarized. In Fig. 3 we summarize the first results on B system (thus far BCl)

reactions. Some of these studies preceded the present grant. Those that were

made and published under this grant are listed in Section II.A.. In Section II.B.

we discuss the results that are in the process of being written up or are being

completed under the follow-up grant, while in Section II.C. we make a few

additional remarks about the implications of our findings.

A. Cumulative Chronological List of Publications

1. D.F. Rogowski and A. Fontijn, "An HTFFR Kinetics Study of the Reaction
Between AICI and 02 from 490 to 1750 K", Twenty-first Symposium
(International) on Combustion, The Combustion Institute, Pittsburgh,
1986, pp. 943-952.

2. D.F. Rogowski and A. Fontijn, "An HTFFR Kinetics Study of the Reaction
Between AlCl and C02 from 1175 to 1775 K", Chemical Physics Letters,
13.2, 413-416 (1986).
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Figure I
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THE RELIABILITY OF THE HTFFR TECHNIQUE .-
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Figure 2
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Figure 3
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3. D.F. Rogowski and A. Fontijn, "The Radiative Lifetime of AICI A111",
Chemical Physics Letters, 137, 219-222 (1987).

4. A.G. Slavejkov, D.F. Rogowski and A. Fontijn, "An HTFFR Kinetics Study
of the Reaction Between BCI and 02 from 540 to 1670 K", Chemical
Physics Letters, 143, 26-30 (1988).

5. D.F. Rogowski, P. Marshall and A. Fontijn, "High-Temperature Fast-
Flow Reactor (HTFFR) Kinetics Studies of the Reactions of Al with C12,
Al with HCl and AICI with C12 Over Wide Temperature Ranges", The
Journal of Physical Chemistry, in press.

These publications are appended to this final report.

B. Partially Completed Studies

1. A.G. Slavejkov, C.T. Stanton and A. Fontijn, "High-Temperature Fast-
Flow Reactor (HTFFR) Kinetics Studies of the Reactions of AlO with C12 and HCI
Over Wide Temperature Ranges, The Journal of Physical Chemistry, in
preparation.

The studies of these two reactions complete those of the k(T) for the AI/O/CI

reaction system, compare Fig. 2. The following results were obtained (all rate

coefficients given in this report are in cm 3 molecule-1 s-1 units):

AlO+C12 -+OA1CI+Cl k(460 to 1160 K) = 3.0 x 10-10 exp(-1250 K/T)

AIO+HCI->OA1CI+H k(440 to 1590 K) = 5.6 x 10-11 exp(-140 K/T)

The rather small activation energy for the C12 reaction and the near-negligible

activation energy for the HCI reaction offer an interesting contrast to the OAICI

formation reactions from AICI. There we obtained (see Appendices I and 2):

AICI2  OAICI+O, k(490 to 1750 K) = 1.3 x 10- 12 exp(-3400 K/T) +
AIO2 +CI 3.4 x 10-9 exp(-1600 K/T)

AICI+C02 -OAICI+CO k(1175 to 1775 K) = 2.5 x 10- 12 exp(-7550 K/T)
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Apparently a large barrier exists in the formation of OAICI coming from the AICI-

side, but not from the AIO-side. The reason for this is likely to be that AIO has an

unpaired electron in its doublet ground state, whereas AICI is a singlet species,

which has to undergo a spin flip during reaction. Finally, it should be remarked

that since OA1CI is not a radical, but an (unstable) molecule with no free valences,

it is likely to be a bottleneck in the complete combustion of Al in perchlorate

propellants, similar to the role of HOBO in boron combustion.

2. BCI/CO 2 Manuscript not yet begun.

The following result was obtained:

BCI+CO2 - OBCI+CO k(770 to 1830 K) = 1.8 x 10- 13 T5 .6 exp(-1190 K/T)

This is the first reaction involving a B or Al species, in which there is on

thermochemical grounds only one possible product channel, for which the type of

curvature in Arrhenius plots normally seen in hydrocarbon oxidation reactions,

has been observed. That type of curvature is best described by a three-

parameter fit expression of the form k(T) = aTb exp(-c/T), as given here.

However, the value of b = 5.6 is larger than simple transition state theory (TST)

would predict. The fact that chemically B is more a metalloid than a metal

(notwithstanding its potential use as a "metal" in metallized propellants), may

bear on this behavioral similarity to hydrocarbon reactions. However, this result,

also has a possible parallel to our findings for the AICI + 02 reaction (Appendix 1).

There we found that k(T) could be expressed equally well by the double-

exponential expression, given above, as by k(T) = 5.6 x 10-28 T4 _5 7 exp(308 K/T).

As that reaction has two thermochemically accessible product channels, and the b

= 4.57 value is again a high one, we favored the two-channel double exponential

explanation. However, the BCI + CO 2 result makes the single channel three-

parameter interpretation more probable than before. The mass spectrometric
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product analysis of the AICI + 02 reaction will have to decide between the two

possibilities.

C Some General Observations

The work of Fig. 3 is expected to be the beginning of an extensive

comparison between B and Al species reactions. The differences in curvature in

the Arrhenius plots and the magnitude of the rate coefficients suggest that it

would be imprudent to make quantitative predictions from one set of reactions to

the other, notwithstanding the position of B and Al in the same column of the

periodic table. Ultimately a B-equivalent of the Al-reaction set shown in Fig. 2

should be prepared.

As a practical point it may be noted from Fig. 3 that the BC1 + 02 reaction is,

in the temperature region observed, significantly faster than the AICI + 02

reaction. However if the trends continue the AICI reaction should be faster above

2300 K. This is in contrast to the CO 2 reactions where the present data and the

extrapolations of the k(T) expressions indicate the BCI reaction to be faster at all

temperatures.

In the course of this work several attempts have been made to use existing

theories to try to fit our data, most extensively this has been done in Appendix 5,

for the Al + C12 , Al + HCI and AICI + C12 reactions, and in the paper in progress on

the AIO reactions with C12 and HCI. We found TST no help in predicting or

describing the trends. While an electron jump mechanism gave good agreement

with the data at midrange for the Al + C12 and AlO + C12 reactions (the latter may

be fortuitous), it cannot predict temperature dependences. To obtain better

predictive abilities, theory will have to be developed. We are trying to interest

theoreticians in doing so. For Al reactions we have now provided a data base for

them to use. Finally, molecular beam studies of the reaction dynamics should

usefully complement our efforts. The group of Dorthe, Costes and Naulin at
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Bordeaux have made a beginning with this.** Dr. Fontijn just finished a three-

month visit to their laboratory, during which plans for future coordination of

work were made.

III. PROFESSIONAL PERSONNEL

Donald F. Rogowski and Alexander G. Slavejkov performed the experimental

work discussed in Section II. The former, in February 1988, successfully

defended his Ph.D. thesis entitled "Gas-Phase Kinetics Studies of Reactions of Al,

AICI, and A1O with C12, HCI, 02 and C02 in a High-Temperature Fast-Flow Reactor"

based on the AFOSR work. Mr. Slavejkov's Ph.D. is scheduled for 1990. Dr. Paul

Marshall and Dr. Clyde T. Stanton, postdoctoral fellows, have participated in the

theoretical interpretation of the results. The latter, whose salary has been funded

entirely by NRL/ONR under a training arrangement, has spent most of the final

nine months of the grant working on getting the mass-spectrometer HTFFR

system operational, a process nearing completion. This system was largely

constructed earlier in the grant period by David A. Stachelczyk and William F.

Flaherty, who is continuing work with it.

IV. PRESENTATIONS AND OTHER INTERACTIONS

We presented papers and seminars in which results of our AFOSR-

sponsored work were discussed, at the:

1. Department of Chemistry, University of Toronto, Toronto, Ont. (May 1986).

2. McDonnell Douglas Research Laboratories, St. Louis, MO (May 1986).

3. AFOSR/ONR Contractors Meeting on Combustion, Stanford University,
Stanford, CA (June 1986).

**M. Costes, C. Naulin, G. Dorthe, C. Vaucamps and G. Nouchi, "Dynamics of the Reactions of
Aluminium Atoms Studied with Pulsed Crossed Supersonic Molecular Beams", Faraday
Discuss. Chem. Soc., 84, 75 (1987).
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4. Twenty-First International Symposium on Combustion, Munich, W. Germany
(August 1986).

5. Departments of Chemical Physics and Chemical Kinetics, S.R.I. International,
Menlo Park, CA (October, 1986).

6. Department of Applied Mechanics and Engineering Sciences, University of
California at San Diego, La Jolla, CA (October 1986).

7. Army Ballistic Research Laboratory, Aberdeen Proving Ground, MD (May
1987).

8. Naval Research Laboratory, Washington, DC (May 1987).

9. AFOSR/ONR Contractors Meeting on Combustion and Rocket Propulsion,
Pennsylvania State University, University Park, PA (June 1987).

10. Eighteenth Symposium on Free Radicals, Oxford, England (September 1987).

11. Chemical Thermodynamics Division, National Bureau of Standards,
Gaithersburg, MD (November 1987).

12. American Institute of Chemical Engineers, Annual Meeting, New York City,
NY (November 1987).

13. Departments of Chemistry and Chemical Engineering, Illinois Institute of
Technology, Chicago, IL (March 1988).

14. Chemistry Division, Argonne National Laboratory, Argonne, IL (March
1988).

15. School of Mechanical Engineering, Purdue University, West Lafayette, IN
(March 1988).

16. Department of Chemistry, University of Denver, Denver, CO (March 1988).

17. JANNAF Panel Meeting on Kinetic and Related Aspects of Propellant
Combustion Chemistry, Applied Physics Laboratory, John Hopkins
University, Silver Springs, MD (May 1988).

18. AFOSR/ONR Contractors Meeting on Combustion, Rocket Propulsion and
Diagnostics of Reacting Flows, California Institute of Technology, Pasadena,
CA, June 1988.

19. American Chemical Society Symposium on Colloid and Surface Science,
Pennsylvania State University, University Park, PA (June 1988).
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20. Tenth International Symposium on Gas Kinetics, University College,
Swansea, Wales (July 1988).

21. Department of Physics, University of Nijmegen, Nijmegen, The Netherlands
(September 1988).

22. Department of Physical Chemistry, University of Bordeaux, Talance, France
(October 1988).

23. Department of Chemistry, University of Leuven, Leuven, Belgium
(November 1988).

24. American Institute of Chemical Engineers, Annual Meeting, Washington, D.C.
(November 1988).

Dr. C.W. Larson of the Air Force Astronautics Laboratory, and other Air Force

Personnel, contacted us several times in 1986 and 1987 to discuss the design of a

high-temperature reactor for use in spectroscopic measurements on

hydrogen/metal-vapor mixtures. They are interested in such information in the

context of the Solar Plasma Propulsion Program. We maintain frequent contacts

with Drs. D.P. Weaver, and T. Edwards of that laboratory. In the last year this has

led to discussions about the potential means for those investigators to study metal-

oxidation reactions above 2000 K, i.e., above our current high-temperature limit.

Dr. J. Lurie, of Aerodyne Research Inc., called us to obtain information on our AICI

radiative lifetime measurements for their plume model calculations for AEDC. The

results (Appendix 3) have already been incorporated in their rocket plume uv band

model calculations. Dr. M.W. Chase of the National Bureau of Standards had several

conversations with us on the implications of our measurements for entries on

aluminum species in the JANAF Thermochemical Tables. We have initiated some

collaboration with Dr. J.R. McDonald's group at N.R.L., in connection with their BH-

compound combustion research and our mass spectrometric work. I (A.F.) have

served as a member of the ONR Board of Visitors for review of their Mechanics

Division Program. Dr. J. Eversole of N.R.L. called to discuss surface reactions of
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levitated boron particles. Dr. B.N. Ganuly of AFAWL/POOC expressed an interest in

our results for the development of better flares and made some preliminary

inquiries about obtaining an HTFFR for their work on that problem. Dr. J.F. Paulson

of the Air Force Geophysics Laboratory visited with several of his collaborators to

look at our high-temperature technology, which they want to apply to ion reactions

of importance to the Nati6nal Aerospace Plane. In addition to the meetings

mentioned above, Dr. Fontijn also had many discussions with Air Force Personnel

and contractors at the June 1987 EMHIAT and the March 1988 AFOSR Combustion

Instability Workshops.
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AN HTFFR KINETICS STUDY OF THE REACTION BETWEEN AICI and O
FROM 490 TO 1750 K.

DONALD F. RO61% SKI D AR[HIR F.NTI)N

D'Partmenrit '4 Chepnwicl IE nnLrgrif
Retwinfer PNi\e h a i PI 'Ltitte.

I/,, %. .Vi 12l.o 1 VJ- 9

A method for the production ot AICI radicals in-an HTFFR (high-temperature fast.ou reactor?
is described. [heir relatrie concentration in the title reaction is monitored b iaser-induced
fluorescence. The omerall reaction rate (oethtients. for AICI consumption b-, 0... can be fitted b%
the expression kili = I 3 x 101 -exp -340(0KT ~ - 3 4 x 1O-'exp(- 161OK, Ticm' molecule
s-'. Error limits are discussed in the text. rhe results are ,hown to be compatible wlth a mechan-
ism where the AlO, - (_.I product channel dominates at lower temperatures. while the OAICI - 0
channel dominates at higher temperatures. The In kfl 7ersus T-' dependence of the AICI 0.
reaction is contraied to those observed for the AO.02 and BF 0 reactions.

Introduction the observation plane. where the relative con-
centration of the metallic species is measured by

The development and use of the HTFFR laser-induced fluorescence (LIF). A reactor
technique' is leading to an experimental data with silicon carbide rod heating elements, de-
base of homogeneous gas-phase oxidation reac- scribed recentlv 5 had to be modified due to its
tions of metallic species. Measurements of rate exposure to chlorine in the present experi-
coefficients k(T) in the 300-1900 K range have ments. A mullite (McDanel MV 30) 2.2 cm i.d.
been reported and the results have been sum- reaction tube was employed, which contrar-, to
marized in several reviews. 2- A variety of k(T) the 998 grade alumina used in earlier HTFFR
dependences have been observed, including work. is resistant to chlorine at elevated tern-
normal Arrhenius k(T) = A exp(-E ART) beha- peratures. The other change concerns the
vior, temperature independent rate coefficients oxidant inlet system, which used to consist of
and reactions with a slight negative activation 998 alumina tube tipped by a multihole Pt ring.
energy. In addition, reactions have been found As Pt too is not resistant to chlorine at high
the rates of which are determined primarily by temperatures, mullite was used for the entire
the thermal equilibrium populations of excited 0. inlet system. The vertical 0.3 cm o.d. inlet
states of the reactants. While the original tube was fitted with a 0.6 cm o.d.. 1.5 cm long
studies were concerned with reactions of metal horizontal tube with two 0.1 cm holes for the 0:
atoms, we now concentrate on reactions of introduction.
metallic radicals. Here we report on the first Initial experiments on the production -I
HTFFR study of an oxidation reaction of a AICI led to development of the follow tig
monohalide radical. AICI, method. A trace of Cl2. t picallv < 0.o05(- -t

the Ar flow. was added to the Ar bath ga! and
2. Technique passed o'er a tungsten coil wetted with Al \t
2.1 Reactor and Reactants temperatures below 1000 K it was necessar' ,,

heat the coil by passing a current through it i-
Basic HTFFR designs have been discussed obtain usable intensities of AIC fluoresceLe.

previously. The present reactor is shown sche- Fic1 . Above that temperature no current ,,I,
maticaily in Fig. I. A %ertical ceramic reaction applied and the coil was withdrawn to a coolef
tube is surrounded bs resistance heating ele- zone of the reaction tube, otherwise FN,,,,
menrA and insulation inside a %acuum can. At large for comenient measurements were pr-
the upstream ilow er) side the gaseous metallic duced. The flow of Cl2 %as adjusted to niaitll
reactant is produced and entrained in Ar bath ize the AICI fluorescence signal. At high aet-
gas. A movable inlet svstem allows for introduc- age gas velocities, addition of small quantte, ,I
tion of the oxidant trom 20 to 0cm upstream of O2 resulted in a sharp decrease in F5 t,. I lit,

943
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A: C EXPERIMENT'S nm radiation, which ;ias frequenc% doubled
%,iha KDP crnstal to pump the AICI A.Xii~ii

A CAN! transition at 261.4 nm. Fluorescence it (he
iime ;%a~elength Aas ',hierted throuliih a 262=

-- ERMCC2.._E H 1 nm (FWVHI interterence filter [hle fleteL-
rion %Qi tem Lotlslste(1 it .11 EM ILI -1.A
photornultiplier tube ''perated inrtm 1titi t,)
160oi) V. The PNIT output -.%as tecc iedl i :ch a

IV Data Precision A\nalogic n01)1)1) !IIIl) \[Hz
transient digitizer. The a~ erafze- pt I'mi pukcs

CC 0CN %%ere used for the tiuorescence inierisii% flied.

.N'NOOW surements to smooth out the '.ariatins in the

0 ~laser pulse energi.. The presence of a side tube

0 o bseratin widowreduced the laser riack-
ground signal typically to less than 10%- of the

O~L fluorescence signal at thc minimum f0i2]. F,

10 : *1UL'~t Rate coefficienits were measured at 0 _inlet to

cm, following the procedures described pre-
viouslv.3 .3 Plots of In [AlClkei, = In FjI,(,

NSULATION versus [021 yielded straight lines with slopes ki.
C, _____ -EATING ELEMENT where t is the reaction time. During these

experiments pressure was measured dowsn-
- 0 POWER SUPPLY stream of the reaction zone With an \l KS

Baratron gauge. To determine the reaction
FiG. 1. Schematic of the HTFFR used. temperature, an unshielded type R thermocou-

ple was traversed through the reaction zone
decrease was followed by a more gradual immediately after a run. After all the expert-
decrease with increasing [021. which was corn- ments had been completed pressure correc-
parable to that observed at low flow velocities. tions, to obtain reaction zone pressures. and
The sharp decrease can be attributed to remo- temperature corrections, from a shielded ther-
val of free Al atoms by the fast A110 2 reaction, 6  mocouple, were obtained followinjhe recoin-
which terminates the AidJ production. The mendations of Fontijn and Felder.
lowest [02] used in the AICI/02 rate coefficient A weighted linear regression and full propa-
measurements always exceeded that required gation of errors treatment, as described h%.
to terminate A10I production. These observa- Fontijn and Felder," was used to determine the
tions show that the AICI production occurred at uncertainty in At and in turn A for the particulir
least partially in the gas phase rather than on temperature 16. pressure P and average ea
the coil. The necessity of supressing AICI velocity iD used. In the treatmrent. uncertaint% Ini

production downstream of the inlet by addition both (AICI1rei and [02] are taken into accountr%
of an initial 02 flow made it impossible to obtain combining them %vectoriallv. to obtain the erie -
t rav6ersing inlet mode data 1 with the present in kt. The regression of k as a function'I
design. Instead. stationary inlet measurements3 temperature. with errors in both k an(l r .

at different inlet positions were made. obtained by minimizing )2= V..iln k
A small quantity of Ar (about 2%c of the bath where k is the Fitted and A. the experitr,:: -

gas flow) was introduced through the oxidant ikalue. The weighting factor. w, . cooct-s
inlet to improve the response time for the errors in both A and T b%. combininI4
stabilization of the AICI signal after a chaiige in 'ectoriallv. w. -2 a, n 'd In C,.di I T Ijr-
02 flow. The gases used, obtained from Linde.
were 995-C 0l2 , 99.998%7 Ar (from liquid Ar) 3. Results
and 99.617 0,. In a few preliminary experi-
ments 99 995% 02 was used. % ielding no differ- Measurements of the rate coefficient, P !-1

-ence in the observations. AICI consumption by 02 were made trwtil IiiJ
to 1750 K, spanning a range of A %allues r -in1

2.2 Mleasuremnents and Data Reduction about I x 10-i3 to I X 1 0-12 cm3 molecule
For the LIF measurements a Lambda Phy sik Ninety-one measurements were taken an itI

EMIG 10 1 excimer FL 2002 dye laser was used. eighty-six with correlations r at 0.93 for r i! T r'
Coumarin 334 di.e "as used to produce 522.8 sions of In [AlCl1,,i VS. [021 were accepitd (I
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previous work5 drift in the Al flux from the coil .,
was encountered. In this work this resulted in a 2000 000500 400

drift in F k., A measure ot the variation is the
difference ot F Nt , at the beginning and end o1
a k measurement divided b their aserage. All
of the eight,-,ix data points used showed this -
variation to be less than = 030. For se~ent%-hse
of the measurements, the %ariation %%as less
than = 1.23.

The meakurements are ,ummaried in Fahle

I. Inspection ot the data shos the k %alues to he b
independent of the implicit parameters: inlet -
position. P. aI axerage total concentrationi. , ' .
F41cl., (and hence AICI! ...., and . The V

results are also independent of the Cl.,] added. E.
which were in the range 4 x l'" to < I K l1)""
cm - 3 depending on the "Arl used. Tempera- " :
tures given are aserages of the %alues from
measurements at 3 .m inter%als from the
observation zone to the O inlet position.
corrected as discussed abo%e. The standard
deviation about the mean gas temperature 05 0s ,'00 25 s , 1 M oo 225 1 '30
varied from = I to = 30 K depending on the 10 'TK'.'

reaction conditions.
The independence of k with respect to inlet Fic. 2. Rate coefficient data for the \IUO

position and reaction time indicates that anv reaction
quenching of AICI A) by 02 does not affect the - Double exponential rate expression fit ot data
k measurements. We have observed the radia- given in text.

tive lifetime of AIC to be -,, 10-' s. yielding krad ---- Two standard deviations to the ht of the rate
108 s-'. Assuming a maximum value for the expression as described in the text.

rate coefficient for uenching bv 02, kq - 10 -

cm 3 molecule - ' s-? and using the maximum levels vary somewhat over the temperattue
[O2 used of 10'6 cm 3 kradikqO;2] - 102. range investigated and are = 19% at 300. -
showing that quenching bv 0, is insignificant. 12% at 700, =" 1I% at 1000 and -± 145 at 1.slo

Various fits of the k data versus T - were K. It should be noted that a,' represents the
made. A good fit was obtained to a double standard deviation of the fitted expression. tit

exponential kT) = A exp (-BIT) + C exp the standard deviation of the measurement, .t
(-D/IT) expression. Analysis for this fit results k.
in: A good transition state fit. CT) = ) -

exp(-G/T). was also obtained.
k(T) = 1.26 x 10 2 exp(-3400KT) - This fit yields

3.36 x 10" exp(-16100KT) kcT) = 5.62 x 10--" T 4 ', exp (308 KTi
cm molecule -' s-  ( cm 3 molecule- s-

To calculate the statistical uncertaint, ink both 2a confidence levels shoin in Fig t %,,

the variances associated with each parameter calculated similarl to those for Eq 1 Pt
and the co~ariances associated with the differ- 'artances and cosariances associated %,ith ,2 are 0. j = 6.1)39 )(lI i'-,
ent pairs of parameters must be taken into -. or = -I j •

account. since the parameters are not indepen- 10- .: o(, 1.306 x 10-: 07.- = 3. 034 '' I,

dent. The %artances and covariances asso- r, = -2.917 x 10': 0, = 2.904 x 1Wi' [he ,r.
....ih= .62 x 6- confidence levels derived from these are = I',ciated with Eq. !1 are " = 5.622 x 10 -: 0AB

= 3.908 x i0-1:1 = 3.433 x 10- "'% ao =  at 500. = 11% at 700. = I II at 1)wo idtld

2.051 x 10-": 0.e' = 2.864 x 10-': osc = 2.044 12% at 1800 K.

X 10-7; cr8o = 1 238 x 103: cyc= 1.161 x 10-'-: 4 Ducussin
acD - 5.871 x l0-: 0.&" = 3.023 x 10'. From
these o' was calculated in the standard The following reaction pathas hase it) 1w
manner. 4 % ith a 10(c added systematic uncer- considered
taintv in the How profile factor) The 2a' AICi O. - OAICI 0
confidence lesels are shown in Fig. 2. These AIC. O -. AlO- Cl .

Copy -.. fl-

-' , ;.tio~n
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Both are allo%%edl bv the spin-conservation rule. reaction. In fact, if the double exponential Eq.
B~ased on1 CUrrent JANAF _H0 W - alues the (1) correctly describes the kinetics. 13b) mav be
abstraction reac.tion Jaj ij 47 k] mole- exo- identified with the hit term %%hich dominates
thermoic. %%i e the Ituhstitution reaction (3h at. the lowier temperatures. An AI tactor 1)1 I K
%iould be .47 ',. Jmule - endothermic.' The D)- cm' molecule-, s- %%moild he small to r the
latter alu.e %% il lead to MITIMIL1t act.11%at[1 sii im ple abitraction react ion Ua. Vhe seci md
energies tiii nt e it) alloi the inhserx ed rate term ot Eq. 1 1. ii hich is izgnihcant. at higah
tethcientN.(h ie. mnr ,hser~jrion that the temperatures. has a large pre-v\pmuitctial !n.
I eamtti ii (licati~e of an abstraction r eaction such ,us

While a %alue ot 3.4 K t- cmn niolecuie -

AI() . w Y.~l - co0 :4 does not appear ph% sicall% reasonable. it has am
large uncertaints6 (, associted %iith it. Cleark

has a sligzht iiegati% e acti anion energ% indicates this pre-exponential must be larger than that ot
that the ne"% 0-l \1 bond tin (-AI-() is at least the first term to account tor the observed
equal to the stiength )t the 0-CO bond.' increase in slope. As can be seen this increase
resulting i in n IH Al-()2 - - - 1199 k I ttole - . occurs near the upper temperature limit irnes-
This is 1 13 k I mle inore e\mthermic than the tigated. An extention to much higher tempera.
current JAN kF \idue. ishich is based on mass lures than accessible bv our apparatus wsould be
spectronieti\ er.mpration e\periments,: Possi- required to determine this term more dcL Li-
bl%. different \10 )2- Nructure ma\ be responSL. ratelv. though k near the upper limit ot the
ble tor this clitterence. It should be noted that current temperature range is %-.ell knowsn. as
other mass spectrornetr% eiaporation studies" noted above.
suggest a heat Ot torination %% -hich is more in While the two-path model for reaction 13
agreement isith that from our' wsork. On this' thus appears quite reasonable, the equally good
re~ised basis reac-tion t3bi has a "^H'_,i - -26 fit of the data to the transition state t% pe
kJ mole -. i e. is also exo~thermic. Thus on expression (2) indicates that it merits further
thermocher.ucal grounds 13b) now has to be discussion. However, the magnitude of the
consideredl a poss'ible path for the AiCI/02  power of T, 4.37, does appear unusually high

for a reaction of small molecules.2 1.1.1 and
contrary to the term just discussed for Eq. 1). it

200 oo 1300 '00 has a small associated uncertainty 0ri. We
0 therefore favor Eq. (1), although experimental

product identification is needed. L'nfortunateli
neither QAICI nor AIO02 have known electronic

a' iC'O I# )2'0duCtS transition spectra. which precludes the Use Iot

-do: the present diagnostic LIF to settle this prob-
lem. Mass spectrometer HTFFR experiment.

11A which should allow product identification .ure
planned: the apparatus is being constructed

.4 rhe In k(T) %ersus T dependence mit Hit-

-. .. AICL O2 reaction. Figs. 2 and 3. contrasts .hai
pk% %%ith that of its 0-atom equivalent

~ . -Al0 - AlO.,- 0

%%hich. like reaction (41. has a -,light t~i%,ii
actuajtion energy.' That behai or is induc..'ic
ot the tormaton W~ an intermediate reaumi.'i

0! complex. such as (J-O.-AI-O. ishuch prrerten-
0 3S ~ Z ~ tialls dissociates to the original reactants tvittirrto . DO 50 10 225 50than producs.2  The temperature mtepvw

dence of reaction (3) indicates that %\ hen the- (
-atom in AIO is replaced hi a Cl atom. eithert

Fit. Ru Wit'-th t (dida tiir the UI.. such complex is formed or that it dissfmm 1.11c
e.ictiiurt - i [ nsutimn-state tip rate expresimn prelerentiallv to products. This is iilar D, !'

hit Idatai 4u tit 'ext suggested behavior of the reaction'
--- fi tjnidiiilei anmins to the ht titi the rate

e'xpresswuri as lu ~ruhed in the text BO + 0., B02m - 0

wipn*oida 'doC)
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AICI radical reactions mav be expected to Tranone Speaiti. Kiotici aid Enor~iefo( k A FI,,iri
ihow% iome similaritt to those ot the BF radical. aind %I AX.A. ( 1% ne. Eds,. (hapt \.l~n

is hich is constituted oif the eletienti ahos e Al lsress. I 9,x1

and CL, respewctis e in (he periodic raihie For F. i.\i i i~ A k.
the reaction hen, een B F ind[ 0 .. ki Ti has been "I. ~i.P.. ....

reported" to be I S [I) exp-2 IK Ti D I,% Ntt~- EI V 1,i

CM' Molecule , trinm 671 to H1i30 K. InI that P1,
wsork no cUrs alre InI thle .\rrhenliLis ploIt %%,I, ii \ .ui r

ohser~ed and anl I)BF - 0 pIMiiLiiM %%,IS
aSLUIiC(. lr. [Ilie 11IItItetl teIpeature~l D Rot i UFL. o.j-I
range iniesttgaiedt %isotild make it (lithCtiT to Ps.(Alioi'
esitablish cuirsattir-e and ompT.ietinion irotia B0 Fo)' I., VA. Fci uLK. k% .nd 11, -li

product charnnel. thle etqui~alent ot the products sioxtreidi .%Pf *,ru'o .I '....
of reaction i 3h '. has to he considered. Both p. %71I. The Conlbth )I~i I11UV 1'.077it
BF10o product (haitnels oulid also he exother- 7.Fos, i ip.. A. k.\ FLuI, it. I% I 1'11\ ( 11Ic'
mic. 24 1 19179i.

13L Bssi\. ro.\. P. R..- Data R /id,,,i, f,,, .
o ,,r the Phi .;reI E'r ' e. \[c ,ra%, I Iill I...

I ~ e,1,ri~~ii'if9. \%ET55ORTH. Wa E.. J. Client. Ed.. -12. .ilI

We thank Dr Piolr M!arshaill tor helpful discus' 1). JAN.AF Thermochenical rdle,. D.ii., hc

sions. This %,ork %% as uopported under Grants I .asailable in 19)43. Do%% (.hetiiicl I.

AFOSR-82-00U73 and 46i-11019. Fhe United States 11.-H. P. s'.D BLRV\. R.P.. High Temp. s)ci 12. ;1
Gosernment is auiho)rized to reproduce and dis ri- i 1980 R. ) ARE..IPoclil~i

I?1. S~IvAST.4i. .. \uFRIR\I.Pihdrn
bute reprints tor ivosernmeritai purposes notiih- kcad Sci. (Chem. Sci 191). 237 119141
standing an% cop% right notation theron. 13, 'ARNATZ. J.: Cv'nbustiewn (Jeistug i\% C (.ato-

diner. jr.. Ed.). Chap. 3. Springer. \v%, NXik
REFERENCES 19S4.

14. HAs\so'. R.K. AND SciN'.i'.\. S . hidi. (-hap.
1. Fo.\Tlj. . Kc Rus. SSC.. AN~D HOLGHTON. J]. 15 LLE%%ELL.. I.P . Fo-sTij's. A. %\I) (.,s'.i

Fourteenth (sis~nlaerncwiona/jon Cornbameon. M.A.A.. Chem. Mhs. Lett. 8-1 i)04 ,191I.
p. 167. The Gonibustion Institute. 1973. 16. LiGHT. G.C.. HLRMi. R.R. isu I.As it misi. I If

2. Fo.Nrij\. A. ,.\D ZELLNER. R.: Reactions of Small 1. Phis. Chem. 89. 31)66 1 19S3).

COMMENTS

laN B. Jeffries SRI. tat. Atenloo Park, CA 9430 I S.A. REFERENCES
What diagnostics hase been performed to determine
the rate of wsall loss of the Al. AiCd. A1O compounds L Fo.\Tiv A. KLRZILS. S. C.. %,\D HOc.H Io\. II

on the hot mullite %%alls of %our reactor- Do %ou F,,urteerith Ssmpnuum1iinlserrana ,i,I (c , .

expect the probable fast rate to impact %our reported p. 167. The Combustion Institute. 19.7 1

data! 2. Fo\riN.V.FELDER. Wa. k\u Hot, Hi~- I I

F'e't spsoilui litternatiioni , o

.Aiutor's Reph. The tact that %,all losies can indeed p 73. Thet ( i)mbuStiin Ins1titute. I",

be fast wsas established in seseral of the earliest 31 Fos rit . A D sso Fcco. k% J P''

HTFFR studies from plots of pseudo-hrst order 241l979).

rate coefficients sersus oxidant concentrations, [hle 4 I-osrip\ A. v'.O FtULAR. ' oiz

isall-loss intercepts dto not directiv atfect the ob-tained ie in the (;a Phavi ,e',ieertu' 'indi t1 ,.

rate coefficients. w~hich are dented from the slopes. It W5 -Stser. Edtj. Chap. .2. CadCIrIIc L'r.
is likeiv that %ariation in wsall losses os er the period otI
the measurement it oine rate coefhicient is partialls
rerpnsible for rhe scaiter in the data. Earls %ssrk Stephen L Baii/tum. Los Alam. \,a I
showed the scatter tos be considerabli6 stronger in \ - Alamo, \A1 87545 L S.A klumion chloride , \li,

than Ar. wshich 'hsersation points in that direction, both the monosilent i AICh and tir aletit \,(
Hence. Ar is now Used as bath gas. The whole subject forms. ishich prubabis base different reacotie'r
of accuracs in H rFFR rate coetficient measurements osgen and different sticking coefficients ujip ii
has been discussed extensisels in Refs. 3 and 4 collisions. Clearls the amount AICI relatise I,

.. . . .. .. Produioo
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will be sensitive to the Cl pressure in the system. In The assumption by Ho and Burns' that the a for
%our experiments. how much AICII is produced Al02(g) is 0.325 leads to a calculated partial pressure
relatime to AICI and could secondary production of from the Langmuir expression. p = n \ 2.rmkT a.
AICI via equilibration from AICli affect the results' which is much too low. and results in a '-H. of A'O:ig

.Aut~hori Rp% Generation of AICI from ICI, some 20 kcaL mole too posime His %alues tr AlOig.

equilibration is not likel. MCI is generated from .X and A120(g are also too positi~e b% 2 to kai moic

nd Cii. So as \10 ,1 or A.-u present must result from the %ell established and untiersails reviuinized
.f -/, valves for AIO0ig, and AIPO~gj His %alue I,,"

trom either a sequence of bimolecular reactions or Alf-,. a larger moie.u anth a much lowier aL)M-
from termuuiecuiar reactions. Howeser. the reactions modOt. a l oece tha m th le aisomodation coefficient than 1)325 ,the 'aloe aiso
ALC and AICI Cl. hae both been found to be assumed by Fu and Burnsi' . is some 15 kL1m-)ie
independent t 'MI. under our operating conditions
and the Al reaction is much faster than the AICI more posive than the -H. obtained from elusion
reaction. These points coupied with the I x 10 to I equilibrium experiments. The high temperature

x 10-" s residence times indicate that (AICI] x [. CI,] mass spectrometer spark experiments on Al Oog) b%

and [AICI2.2 Calculations show that at equilibrium Cornides and Gal' show that initia decomposition

LAICI,] and iAICI AICI]. u gestmg that in our species are atomic and that the atoms recombine toform the higher oxides. In general. e%aporation
experiments higher vhiortdes. it present. will not
significantly react back to A.ICI Direct proof of the decomposition experiments will not sield equilibrium

absence of signihcant secondarv AICI production pressures and thermodynamic data derted from

comes from the ,bseration that the rate coefficients them will be unreliable. One further comment %when

in Table I are independent of reaction time. observa- I presented our data at the Faraday Svmposium in

tion distance and How %elocitv. Also. [Cl.] was varied London in 1973' Professor Skinner remarked that

by more than an order of magnitude without affect- the Al species with oxygen consisted of ionic bonding

ing k. Finally, since [0,11 is much larger than the and that the AI-O bond strengths were nearly equal in

concentration of any other reactant, the [01 is all the species. AIOK. AlO, A1, A1202 and A102. etc.
unaffected by any aluminum chloride reactions. As noted, the compatibility between ,our results

and ours can also be readily explained. Between 1970
REFERENCES and 1976 we published six papers on equilibrium

studies leading to thermodynamic data for the alumi-
I. RoGoWSKI. D. F. .s.o FOT TJ ,. A.. work in numoxidespecies.2.7sii Fourw-reperformed in alu -

progress. mina effusion cells employing saphire chips to ensure
no interference with extraneous materials. i "  Two
mass spectrometer studies of Al additive compositions

Dr. Milton Farber. Space Sciences, Inc., 135 W. Mapie in H2/0 2 flames confirmed the effusion studies.: 4
Ave., Monrovia. CA 91016 USA. I would like to 4H .,s of -44 = 2 kcal/mole was obtained tor
commend you on a very good set of experimental AIOs(g), the value with which your experiments agree
kinetics. The fact that your results are not compatible Prior to these studies a mass spectrometer in.estiga-
with the thermodynamic value for the a H(of AO,(g) tion in 1960 by Drowart. et al "i on the dissociation
reported in 1980 by Ho and Burns.t but are quite species over A12Os was performed emploiingc
compatible with our previously published values can tungsten and molybdenum cells. They reported ther-
be readily explained. Your earlier papers on the modynamic data for AIO(g). AIO(g) and AlA)..
kinetics of CO 2 and 02 with AIO appeared to vield with values more positive than those obtained in .or
activation energies of approximately zero, also com- neutral cell effusion experiments and those ot t.uii,

patible with our %alue of -44 kcaLmole for -H. of other investigations for the heats of formation 't
AlO(g). but incompatible with the value of -23 2 = 6 AlO(g) and A.,O(g). They did not obserse \X() i
kcaLbmole reported by Ho and Burns.' Our calculations later showed that reactions to,k p.

First. I shall explain the reason for the incompat- between the metal cells and Al species.' resltmt'
ibilitv of your results with those of Ho and Burns. In more positive ALH, values andcomplete, reduiok 1'

1976 and 1980 Burns and coworkers published two AIO concentration to an undetectible leel lI 'ht-c
papers.' s one on the AH, of A12021g) and another on reactions were taken into consideration the resiri, I
A102(g). These were eaporation experiments in Drowart. et al" would be in good agreement w ith
which he assumed "sirtual equilibrium." with an data.
accommodation coefficient of a = 0.325 for the two In conclusion, although the existence ol it ,
species. These %alues are much too high for these and its heat of formation have been controsersai 1..,
species, by at least an order of magnitude for AlOz(g). many ,ears. I am pleased that sour kinetic e\uprri
Nearly ten pubhlished papers have presented accom- ments are compatible with what I feel is a deritin-v
modation coetficients of less than 0.10 for the value for the AH*,sofAIOg). -44 = 2 kcatml,,e I
esaporation of AIOog)' Our experiments on the a look forward to the results of your forthcominc iTii-
of Al.:Otg) showed a result of approximately 0.08.' spectrometer experiments.
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AN HT FFR KINETICS STUDY OF THE REACTION BETWEEN AICI AND CO,
FROM 1175 TO 1775 K

Donald F. ROGOWSKI and Arthur FONTIYN

Department of Chemical Enineerine. Renssetaer Po/i technic Institute. rrov..V Y 12180-35J0. USA

Received 24 September 1)96

Rate coefficients for the reaction AICI + CO 2 - OAICI + CO have been measured in a high-temperature tast-flow teat-
tot (HT FFR). These fit the expression kiT = 2.5 x 10- 12 exp(-7550 KIT) cm 3 molecule-I s- 1. The existence or i lare
energy barrier for this exothermic reaction is in ageement with that suggested for the OAlIC channel of the AICI + 0 2 re-
action. The presence or such barriers is in sharp contrast to the A1O reactions with CO 2 and O2.

1. Introduction kinetic rates [71 to produce AIC1. Further down-
stream CO 2 is introduced through a movable inlet;

The use of the HT FFR technique is providing a the distance between it and the observation plane
data base for the kinetics of homogeneous gas-phase vanes from 20 to 10 cm. Relative ACI concentrations
oxidation reactions of metallic species in the 300- are measured at the observation plane by laser-induced
1900 K range; results have been summarized in several fluorescence (LIF), using the A-X(O, 0) transition at
reviews [1-31. Following measurements of Al atom 261.4 rum. To ensure that AICI production ceases at
and AO radical reactions, we recently initiated work the CO2 introduction point, some 02 (_ 5 X 1013

on the AICI radical with a study of its reaction with cm- 3) is added through the CO 2 inlet to consume
02 [4]. Here we report results for any remaining free Al by the fast Al + 02 reaction

(k f= 3 X 10- 11 cm3 molecule - I s- 1 [61). The gases
AII + CO2 -- QAICI + CO (1) used, are 99.5% C12 , 99.998% Ar (from liquid). qq t c

and compare its In k(T) versus T behavior to that 0 2 , and 99 .99% CO 2 . all obtained from Linde.
established in the AICI + 02 study and for the AIO
reactions with CO 2 [51 and 02 [6].

3. Results

2. Experimental Plots of In [AICI rlatie versus [CO, I yield i! j:."!

lines with slopes k, r, where r is reaction time k, ':
The basic HT FFR design and methodology has each experimental condition is determined by .,rt i

been described previously [2]. The modifications used weighted linear regression of the data. The randc,:-
for AICI mtosurements have been discussed elsewhere experimental errors are used to determine the A e: .r.
[4). Brldlua vertical 2 2 cm inner diameter mullite mg by a propagation of errors method [21. From
reaction tube is heated by silicon carbide rod-type this treatment the Ok, associated with each k -
heating elements. The reaction tube and heating ele- culated.
ments are housed inside an insulated vacuum can. An Below about 1175 K reaction (i) has been 'u "

, Al-wetted tungsten coil is heated in the upstream end to be too slow to allow meaningful HT FFR ),, .
of the reaction tube producing gaseous Al. Ar bath gas tion. Fifty-nine measurements ofk t between I ; "
with a trace (-5 X 1012 cm - 3 ) of Cl, is passed over and 1775 K have been made. Of these the fift Y .t,
the coil. Al atoms are entrained and react at near gas which have correlations r > 0.85 for In [AICl1) 1 .

0 009-2614/86/S 03.50 © Elsevier Science Publishers B.V. .

(North-Holland Physics Publishing Division)



Table 1
Summary of rate coefficient measurements of AICI + CO 2 - OAICI + CO a)

Oxidant init P [M] {CO 2j range v F 0)  k )

position (Torr) b) 11017 cm- 3) (cm - 3 ) tm s- 1) tK)

20 19.7 1 24 1 03(15)-8.85(15) 40 49 1538 3.931-14 .4 14 -151

20 19.6 1.24 1.07115)-9.07(15) 40 46 1533 3 54(- [4) 3 2 -151

20 24.6 1 56 1 03(15)-8.50(15) 42 28 1529 1 ,41-14) 1.42(1-15)

20 24.6 1 56 1.04(15)-8.2615) 42 24 1526 1 301-14) 1 -81-15,
20 32.8 . 37(15)-1.10(161 31 31 1526 9-1 8 35( !hl

20 394 49 6215)-1,3016) 26 25 1521 1 04(-14) 1.,h-1

10 34.2 2.18 I '15-3716) 25 26 1517 1.19(-14) 2.231-151

10 34.2 218 1.871 15)-1.36(16) 25 32 1514 1 25(-14) 2 It -5 i

20 23.0 1 55 1 7115) -9. 7 6(15) 35 34 1433 1.271-14) 1 46(-15

20 23.0 1.56 1 25U 15-1.00( 16) 35 33 1423 9.60(-15) 9.10 -16

20 23.7 1.62 1.18(15)-8.59(15) 39 22 1416 1.17(-14) 1.491-15)

20 23.7 1.62 1.06115)-8.62(15) 39 23 1414 9.251-15) 1.08(-15)

10 26.5 1.80 1,24(15)-9.68(15) 35 25 1417 8.37(-15) 1.17(-15

10 26.6 1.81 1.24(15)-9.63(15) 35 25 1418 9.37(-15) 9.92(-16)

10 20.0 1.35 1.28(15)-9.67(15) 35 41 1424 9.70(-15) 1.55(-15)

10 20.0 1.36 1.26(15)-1.00(16) 35 40 1425 1.24(-14) 2.22(-15)

20 25.7 1.87 1.62(15)-1.21(16) 29 36 1325 3.49(-15) 6.95(-16)

20 25.7 1.88 1.52(15)-1.20(16) 29 36 1320 4.75(-15) 9.77(-16)

20 37.0 2.73 2.27(15)-1.76(16) 20 14 1307 2.82(-15) 2.89(-16)

20 36.9 2.73 2.26(15)-1.74(16) 20 11 1304 2.77(-15) 4.63(-16)

20 19.9 1.47 1.07(15)-7,92(15) 43 54 1310 1.00(-14) 1.75(-15)

20 20.0 1.47 1.12(15)-8.02(15) 43 44 1311 1.04(-14) 1.32(-15)

10 20.0 1.46 1.06(15)-8.15(15) 43 43 1320 1.75(-14) 1.58(-15)

10 20.0 1.46 1.09(15)-8.14(15) 43 39 1322 1.95(-14) 3.32(-15)

20 31.5 1.91 l.38(15)-1.09(16) 31 17 1591 1.36(-14) 1,97(-15)

20 31.6 1.92 1.33(15)-1.13(16) 31 17 1587 1.29(-14) 1.17(-15)

10 31.6 1.91 1.36(15)-1.08(16) 31 12 1596 1.70(-14) 1.76(-15)

10 31.6 1.92 1.33(115-1,13(16) 31 10 1592 1.18(-14) 2.60(-15)

20 31.5 1.91 1.63(15)-1.40(16) 25 40 1588 1.66(-14) 1.26(-15)

20 31.6 1.92 1.80(15)-1.40(16) 24 32 1586 1.60(-14) 1.42(-15)

10 31.5 1.91 1.82(15)-1,39(16) 25 41 1594 1.77(-14) 1.68(-15)

10 31.8 1.92 1.74(15)-1.40(16) 24 35 1593 1.91(-14) 1.40(-15)

20 22.1 1.25 1.12(15)-9.17(15) 37 40 1705 2.43(-14) 3.15(-15)

20 22.1 1.25 1.20(15)-9.09(15) 38 56 1703 1.84(-14) 1.26(-151

10 22.1 1.25 1.19(15)-9.25(15) 38 55 1708 1.94(-14) 2.94(-15)

10 19.9 1.14 9.94(14)-8.47(15) 41 45 1689 3.79(-14) 5.911-15)

20 20.4 1.17 7.80(14)-6.32(15) 55 24 1680 2.01(-14) 333(-15

20 20.4 1.17 8.23(14)-6.41(15) 55 21 1679 1.53(-14) 3.10(-15

20 16.9 0.924 7.24(14)-5.74(15) 60 55 1764 1.34(-13) 2.28- 14

20 16.9 0.925 7.01(14)-5.68(15) 60 53 1762 1.01(-13) 6.751-I;

10 27.1 1.50 1.38(15)-1.06(16) 32 58 1740 4.17(-14) 2.'4-1 (

10 27.1 1.50 1.41(15)-1.07(16) 32 59 1745 2.88(-14) 3.14(- l

20 19.1 1.05 8.28(14)-6.55(15) 53 121 1759 4.72(-14) 9 221 -I

20 19.1 1.05 7.97(14)-6.64(15) 53 112 1756 4.88(-14) 4.93 -1

.10 19.1 1.06 8.34(14)-6.58(15) 52 82 1747 4.92(-14) 5.67( -15

10 19.1 1.06 8.71(14)-6,60(15) 52 71 1739 4.74(-14) 5.74(-l5

10 32.9 1.84 1.35(15)-1,05O16) 33 39 1727 2.77(-14) 2.881 -Ij
10 32.9 184 1.33(15)-1.02(16) 33 33 1726 3.04(-14) 3.311- I

20 31.4 2.55 1.87(15)-1.42(16) 24 35 1190 2.661-15) 3.42(-10)

20 19.8 1.61 1.25(15)-9.14(15) 38 30 1190 1.32(-14) 1.551-I5

20 19.8 1.61 1.18115)-9.28(15) 38 49 1186 1.53(-14 1.281-1l

20 29.0 2.39 1.88(15)-1,36(16) 25 24 1175 7.09(-15) 7 521-16 1

20 22.6 1.67 1.28115)-1,04116) 34 23 1307 9.33(-15) 1.67,-1,

20 29.7 2.22 1.32(15)-1.01116) 34 10 1291 1.011-14) 185-15

a) The measurements are reported in the sequence in which they were obtained.

b) 1 Torf - 133.3 Pa. c) In arbiuary units. d) In cm 3 molecule - t s-1.
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versus [CO2 ] are presented in table I. Inspection of 4. Discussion
the data in table I shows k , to be independent of P,

[MI. and the experimental parameters: inlet position, AHIR(298 K) for reaction (1). as written. is - 14
U(the average gas velocity) and F (the initial fluores- t 22 kJ mol- I [10). Other product channels would

cence intensity, which is approximately proportional be at least some 750 Id mol-I endothermic and do

to the initial [AICI]). It may also be seen that kI is in- not need to be considered in the temperature range

dependent of the position, which shows that the AICl investigated. The 490 to 1750 K HT FFR study of

consumption measurements are not measurably in- the reaction
fluenced by quenching 6f AICI(A) by CO,. Tempera- AICI + 0, OAICI + 0 (3a)
tures given are averages of the temperatures at 5 cm "

intervals from the CO, inlet position to the observation A10 2 + CI 3b)
plane. The standard deviation about the mean gas tem.
perature varied from t3 to t 17 K depending on the showed a strongly concave upward Arrhenius-type
reaction conditions. In view of systematic uncertain- plot and yielded a rate coefficient expression [4]
ties in T [21, aT is taken as 25 K. k2(7) = 1.3 X 10- 12 exp(-3400 K/T)

While at least some curvature may be expected in
an Arrhenius plot covering a wide temperature range, + 3.4 X 10- 9 exp(-16100 KIT)
within the scatter of the present results a normal
Arrhenius expression k = A exp(-B/r) provides the cm3 molecule - ' s-1.
best weighted least-squares fit [81 taking into account
ak1 and oT . The resulting rate expression is Since neither OAICI nor A10 2 have identified elec-

= 2.53 X 10-12 exp(- 7 550 KIT) tronic transition spectra, LIF could not be used for
k() =5 0positive channel identification. However, arguments

were advanced in that work, which suggest that the
cm 3 molecule- s-1 (2) first term in the k2 (7) expression essentiaUy describes

The standard deviation for k1 (7) determined by a the behavior of channel (3b) and the second term that
standard propagation of errors technique [8,91 is of reaction (3a). The second term becomes dominant
Oki(T) = kl(T) [(oA/A)2 + (8/7),2 only above 1650 K. Since it is thus determined over a

narrow temperature interval it has a large associated

oI/A T + (0.1)2 ]1/ uncertainty. However, this term clearly involves an ac-

'A) 1tivation energy well in excess of the 28.3 Id mol- t

with variances and covariance of the first term. Such a large activation energy for a
2 =4.08X 1 A2  simple exothermic abstraction reaction (AH0R(298 K)

A ' = -47 kJ mol- 1 [101) is somewhat unexpected. The

a2  9.58 X 105 , k, (7) expression derived in the present work shows
B that there is a considerable barrier for OAICI forma.

oA, = 6.21 X 102 A. tion from AICI and thus tends to strengthen the in-
terpretation of the study of reaction (3). An HT FFR

In the determination of Ok the 0.1 is o,,In, the sys- mass spectrometer apparatus is currently being con-
tematic uncertainty in the how profile factor [2]. structed and should allow direct product identifica-
The covariance term -OABIA T must be taken into tion.
account in the determination of Ck , since A and B HT FFR studies of
are dependent parameters [9J. The resulting 2 0k, AIO + CO, - AIO,) + CO,

confidence levels are t23% at 1175 K, ±16% at
1300 K,+12% at 1550 K and 15% at 1775 K. It
should be noted that o0k (n represents the uncertain-
ty of the fitted expression, not the deviation of the showed slightly negative T dependences of their rate
measurements of kI. coefficients from 500 to 1300 K [5) and 300 to 1400
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THE RDIATIVE LIFETIME OF ,IC A '[l
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The radiative lifetime of the \I( ' k t H state 'xas rneen determined b. a laser-induced fluorescence method to en 4 .
s. The estimated acL.urac% mnm s ire--.

1. Introduction is used for fluorescence excitation and obsenation.
The fluorescence radiation passes through a 262 - 13

Few radiative lifetime data on refractory species nm ( fwhm) interference filter and is measured with
are currently available, compare e.g. Suchard [ I I and an EMI 9813QA photomultiplier tube (IPMT) v, ith
Huber and Herzberg [2]. We are makng kinetic a 2.2 ns rise time. The output of the PMT is sent to
measurements involving such species in a high-tem- a Data Precision Analogic 6000/620 100 MIHz tran-
perature fast-flow reactor ( HTFFR) using laser- sient digitizer via a LeCroy VVIOOBTB wideband
induced fluorescence (LIF). Recently. AICI oxida- pulse amplifier. Fluorescence intensity, laser pulse
tion reactions [ 3,4] have been studied by observing and background measurements are made following
the AICI A IfI-X ' - (0.0) transition. Since no pre- established procedures [6,7]. For the measurement
vious radiative lifetime studies of AICI(A 'I ) appear of the laser pulse. AICI production is terminated and
to have been made. we have now extended our work a scattering rod is placed in the laser beam. B%
to provide this information, adjusting the rod, the scattered laser radiation inten-

Preliminary experiments showed that the 17.5 ns sity can be made comparable to the fluorescence
fwhm of the laser pulse and the 10 ns resolution of intensity. The background signal is then obtained b
the signal recording equipment somewhat exceed the removing the rod. For each measurement. an a, cr-
.lCI radiative lifetime. 7.. The first difficult.y has age of 1000 pulses is used.
been addressed by Good et al. [51. whose approach The fluorescence decay constant r is e%aluatcd
is used here. see section 2 In section 3 we discuss the from t t). the fluorescence signal with backgroun,.
implications of using Good's technique with the 10 subtracted, and e t. the laser pulse %kith backgrou-,:
ns resolution of the recording equipment. subtracted. b. the iterative convolution method

Good et al[5]. - : is guessed and using this ,:".,,
' is con'oluted with the response tunLt.

2. Technique h(t. 7) =exp( -, r). to obtain f(t . the fluores.c" .
signal anticipated to be observed for a response .k:"

AICI is produced in an HTFFR b the reaction of the guessed %alue of .!(n and 1,(t) are normui.d
to their maximum value and the summation

trace quantities of Al and (I in -r. as described
elsewhere [3.41. -X pulsed Lambda Ph'vsik EMO5 101
excimer/FL 2002 d'.e laser with a KDP doubling LSQ= 0) - '( ]l.,(t)
crystal and coumarin 344 de is used to induce the
fluorescence. The AICI- -X (0.0) transition at 261.4 is evaluated and then minimized by successic
nm or the Al 5 :S, -3 2P transition at 265.2 nm approximations for r. In an attempt to reduce thc

0 009-2614/87/$ 03.50 e Elsevier Science Publishers B.V.
(North-Holland Phvsics Publishing Division)
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error associated with the numerical convolution to
obtain t'(1). a I ns step size is used rather than the
0 ns step size of the digitizer. To achieve this. %al-

ues for e( t) at I ns increments are obtained b% linear
interpolation from the 1O ns data. After the con% o-
lution. onli. t i ) at the i,1) ns resolution of ( ) are

used in minimizing LSQ.

-~ I

3. Results and discussion z

Fig. I shows typical fluorescence. laser and back- . ,

ground measurements for the NICI experiments. The _

results of applying the iterative con,.olution method 2o .0 60 0 '30 '20 '60 -C

[5] to these data is shown in fig. 2. For comparison. Time ins)

the laser pulse and a synthetic fluorescence signal with Fig. 2 Normalized plots of I tithe 'east-squares fit of the AICI

r = 10 ns are also shown there. fluorescence signal and (it) the laser pulse, both derived from

Thirty measurementsof r for MCI were made over fig. I. with the background subtracted. Inditdual data points

shown are for the observed fluorescence intensity. Also shown isa wide variety of experimental conditions. These are tedcyepce o ~s

presented in table I and have an average value of 4.5

ns. To armve at the radiative lifetime. -, from this j and [Xj its concentration. For Cl, if a maximum
r, two factors need to be considered. The first is k0c,, = 3 x 10- " cm3 s ' is assumed and the maxi-
quenching as expressed by mum [CI] of 8x 10'2 cm- 3 is used. r - llkc: [CI.]

=9X 104. Hence quenching by Cl, is insignificant.
r- =r'- -_k[X.] The same argument also holds for AICI since the

/=I maximum possible [AICI] is twice the maximum

where k.j is the quenching rate coefficient for species [Cl:]. It should be noted though that [AICI Is esti-
mated to be in the range 100 to 10" cm-'. Within
the scatter of the data no quenching of AICI( A ) h.
Ar is observed, see table I. This is as expected sinic

200 - .C 3'scece the maximum [Ar] is 4 x 10'" cm - 'and k,,r has been
e, found to be t.pically less than 10- 'cm 3 s - tbr otner

electronically excited species. see e.g. refs. [S- ,

" hich leads to r tc [ Ar] >6 , I0 -. Thus qucn.-
ing effects are negligible.

100 4 The second factor is that the 7 determinec

smaller than the 10 ns resolution of the digitizer
determine the influence that this ma. have cn

computational test %&as made. Test fluorescent..'
deca.s. f,( t. r). were generated by anal.ticall. , ,-

,, P. a a; "oluttng a test excitation function. e ( , lith :n'

20 40o 30 o -:c * ,o * *o response function. ht. ).Thefwhmofe ) is I -
ns. the measured fwhm of the laser pulse. The 'aiuc

-P fsolr e,() are (t in ns): e.t)=0 for t<0 (i.e. beo,,.-

Fig. I Plocofexperimenital data For i<. < 3 ns the Mkc' u- the laser pulse): e, t) =t/17.5 for O << i
orescence intensit . laser pulse and ,a.kground data are e,( ) =2-t/l '.5 for 17.5<t<35: e(t) =0 for3.
indistinguishable. equal to 5. 10. and 15 ns were used \kith :he

220
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Table I
-CkI- AI. = 0 deca, constant measurements

P(Torr I -\r] 1cm [C.j (cm ) I !K) n 7 ins)n,

Q2.4 ,h8-It) 3-t-12i i3o 4., 3.4 1.4 2.4 4.4
24.6 I 3 -51 -12 1296 434.5.4343.4 4 44
238 ,4i-ti 456(-12) 11S6 48.4o.46.4.5.44 46

14 9 3 9) - - 3 5" )-1- 11-11 4.1. 38. 3.9. 3.9. 4.1 4)

19.9 2 ( -I )  I 111-13) 9l .8..0.4.9. 4 .4.8 48

28.6 3 IW -I-) I ,3 -13 s87 4.6.4,3. 4..4. . 4. 5 4.b

i=4.5 1 n2i=,) ns

I Torr= 133.3 Pa.

Table 2 regression to the 5 and 10 ns results yields 7,
Test radiative lifetime data = ; -2.6 ns. This correction when applied to the

Time after stan r , Ins) experimental results yields rr=6.4 ns.

of laser pu.,: Ins) As a check on the data collection and analysis pro-
r,=5.o ns 7 10 l_ 15.0 ns cedures, r, of At 5 2S ,, was measured and found to

be 20.8 ns, see table 3. Within the scatter of the dnta0.0 2.7 8.4 14.2

2.5 2.8 9.0 14.6 no quenching of excited Al by Ar is observed. The
5.0 3.1 9 5 15.6 observed lifetime is larger than 15 ns. thus as may be
7.5 2.8 8.5 14.7 seen from table 2 no correction to this value is nec-

essary. r, for Al 5 -S,, agrees within experimental
f., Ins) 2.9 8.9 14.8 error with the recommendation of Wiese et al. [ I 1],

who give a value of 25.2 ns with an estimated accu-
racy of ±25% and the LIF work of J6nsson and

response function. To mimic the 10 ns resolution of Lundberg [6), who give 24±4 ns. Based on this
the digitizer. fb(t, r) and e6(t) were divided into four comparison of Al values we conservatively assign a
groups. starting at 0. 2.5. 5. and 7.5 ns after eb(t) m 40% accuracy to rr AICI A 'l. v=0.
becomes non-zero, with successive data points 10 ns Finally, it is interesting to note that the value of
apart. The test data were then analyzed as if it were Trad of AICI(A 'I ) is considerably shorter than that
experimental data. The results of this test are given of the isoelectronic species BCI(A '11 ). for which a
in table 2. rr, of 19.1 _ 2.0 ns has been reported [1. 12].

Examination of table 2 shows that as the r used to
generate the test data. r,,,. decreases from 15 to 5 ns.
the r determined by analysis of the data. r,,,. is
increasingly underestimated. Applying a linear

Table 3
Al 5 S deca% constant measurements

P(Torr) t-\rI (cm I F(K) : Ins) fns)

20.6 1 2 -1>1230 20.'. 21 2. 21.1. 21.1.21.2 21.1
33.9 2 -1') 1211 21 0. 20 5. 20.4. 20.4.20.3 20.5
12.0 1 )2( -i ) 1134 21.). 20.8. 20.8. 20.5. 20." 20.8
29.9 258( I') 1118 20.8. 20.". 20.7. 20.8.20.5 20.7

f= 20.8 12 -0 6) ns
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AN HTFFR KINETICS STUDY OF THE REACTION BETWEEN BCI AND 02
FROM 540 TO 1670 K
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A method for the production ol B( in tlo, s~stems has been deeloped and used for the study of the title reaction in a high-
temperature fast-flow reactor i HTFFR The temperature dependence of the rate coefficients is described by the expression
ki T) =2.2x 10- '' exp( -4620 K, lI cm molecule -' s -. consistent with a single reaction mechanism for the given temperature
range. These k( T) values are larger than those observed for the isoelectronic -lCI+O, and BF+O: reactions.

1. Introduction OXIDANT

THERMOCOUPLE

The kinetics of homogeneous gas-phase oxidation
reactions of several metallic species have been in-
vestigated over wide temperature ranges using the PUMP K''-"-----
HTFFR technique [1-4]. We have now initiated I 0 VACUUM HOUSING

studies of boron species. The first measurements WIIow.•:_-

concern the reaction of BCI with 0, from 540 to 1670 0-
K. We compare its In k( 7) versus T - behavior to
that of the AICI/O, [4] and the BF/O. [5 ] reactions. H R

There are apparently no previous studies of the ki- HEATING E.EMENT -REACTION 
TUBE

netics of BCI reactions.
INSULATION

MICROWAVE DISCHARGE
S CAVITY2. Technique AI

The basic measurements and procedures followed
here have been described previously [3,4]. The re- Fig. I. Schematic of the HTFFR.

actor has been slightly modified for the production
of BCI. It is shown schematically in fig. I. A vertical 10 to 240 ppm (v/v) Cl2 through a microwave dis-
reaction tube is heated by SiC resistance heating ele- charge. The oxidant O, is introduced through a mov-
ments inside an insulated vacuum housing. In the able inlet system of the same material as the
present work a mullite (McDanel MV 30) and a particular reaction tube. Oxidant inlet-to-window
quartz (Finkenbeiner-GE semiconductor grade) re- plane distances of 10 and 20 cm are used. A small
action tube have been used. A number of concep- flow of argon is introduced with the 0 to improve
tually promising methods for producing steady the response time to changes in [0].
measurable concentrations of BCI have been inves- The relative concentration of the BCI is measured
tigated here. Only one led to consistent results and by laser-induced fluorescence using the A '1l-X 1
was used for this work: the production of BCI by (0. 0) transition at 272.0 nm. The frequency-dou-
passing Ar containing 10 to 30 ppm (v/v) B'H, and bled radiation of a Lambda Physik EMG 101

26 0 009-2614/88/$ 03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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Table I
Summary of rate coefficient measurements of the BCI + 0: reaction

Oxidant 16 ( N1P [0,) range F' 
inletposition (Torr) 1 l0- cm - lO"cm Ims- i K
(cm)

20 18.9 23.2 3.67-28.5 25 9 , ' 55 1)90
20 18.9 22.9 4.35-28.8 25 80 -96 10.90 I,3
10 18.9 23 0 4.18-28.7 25 164 '94 -.91 1.1
10 18.9 23.0 4.00-30.1 25 181 794 6.83 0.-6
10 12.0 14.4 2.44-18.5 40 208 799 9.10 1 3'
to 12.0 14,4 2.58-17,8 21 221 806 9.35 108
20 12.0 14 2 2.4-18.3 41 99 817 7.71 0.91
20 12.0 4.0 2.63-18.0 41 104 825 8.35 1-26
20 10.9 'J98 1.81-13.7 53 123 1051 31.5 3.52
20 10.9 )92 1,83-13.9 53 107 1057 37.0 403
10 10.9 9.96 1.79-14.5 52 167 1056 25.3 3.08
10 10.9 9.87 1.82-13.9 53 159 1064 29.7 3.39
10 10.9 9.83 1.64-14.0 53 142 1068 31.1 3.93
10 10.9 9.76 1.85-13.8 54 150 1077 33.6 3.79
20 10.9 8.57 1.67-11.9 61 50 1224 49.8 5 85
20 10.9 8.55 1.83-11.8 60 45 1226 57.0 6.85
1o 10.8 8.59 1.60-12.2 61 68 1218 53.8 6.07
10 10.8 8.59 1.67-11.7 61 65 1218 55.5 6.19
10 13.3 10.6 1.31-9.03 81 69 1207 37.1 3.89
10 13.3 10.6 1.31-8.88 81 73 1215 50.6 4.80
20 13.4 10.5 1.47-9.01 81 57 1225 59.8 5.04
20 13.4 105 1.19-8.90 82 54 1225 63.2 5.18
20 20.4 13.9 1.17-9.43 62 79 1412 96.0 6.85
20 20.4 13.9 0.77-6.20 62 95 1419 124.0 8.80
10 20.4 14.0 1.57-11.5 62 111 1412 85.9 8.85
10 20.4 14.0 1.80-11.7 61 103 1410 80.8 6.76
10 16.3 11.2 1.22-9.45 77 67 1409 84.5 72'
10 16.4 11.1 1.25-9.45 77 59 1418 79.1 6.39
20 16.3 11.0 1.16-9.07 78 57 1430 85.1 6.32
20 16.4 11.1 1.22-9.32 78 51 1431 80.2 6.08
10 11.8 6.83 0.83-5.43 70 10 1662 161 27.l
10 13.3 7.72 1.12-7.84 93 18 1660 145 14 3
10 13.4 7.81 1.21-7.74 92 19 1658 179 1- 6
10 16.5 9.61 1.01-7.39 99 43 1656 139 11 6
10 16.5 963 1.13-7.72 99 47 1651 172 13.0
20 15.3 8.84 0.80-6.87 108 41 1668 117 lOb
20 15.3 8.85 1.08-6.84 107 36 1665 118 Wu8
20 14.0 12.9 1.81-14.3 53 70 1044 22.3 241
20 13.9 12.9 1.95-13.5 53 74 1042 25.4 216
10 14.0 12.8 1.74-14.2 53 133 1060 19 2 36
10 14.0 12.7 1.99-13.7 53 139 1064 23.2 2.44
10 31.2 29.2 2.36-18.4 40 201 1029 19.2 238
10 31.1 29.0 2.27-18.2 41 214 1032 21.7 1.9)
20 26.6 25.1 1.95-15.8 47 136 1020 32.0 1 Q5
20 26.6 25.1 2.15-15.5 47 147 1021 31.2 2 41
20 12.6 13.5 2.71-19.1 38 58 904 8.74 0 994
20 12.6 135 2.80-19.6 38 74 900 13.0 1 43
10 12.6 13.4 2.53-19.3 38 116 908 8.56 1 07
10 12.6 13.4 2.73-19.2 38 110 912 9.71 1 36
10 20.7 22.3 2.35-18.0 41 218 896 9.26 0.912
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Table I (continued)

Oxidant [1i] [0.] range L F"
inletposituon (Torr) 1O'cm ( flO"cm- ) (ms-' )  (K)
(cm)

10 20.7 22.4 2.44-18.3 41 214 891 929 U.902
20 20.7 22.8 2.40-18.1 40 116 879 178 121
20 20.7 22.6 2.87-17.8 41 119 885 16.9 1,08
20 12.6 1 -5 3.25-24.8 30 101 696 3.93 0.435
20 12.6 17 6 3.12-25.4 30 107 689 4.26 0.524
10 12.6 1-.6 3.55-24.9 30 120 693 3.60 0.563
10 12.6 I7 8 3.39-26.0 30 133 683 4.16 0.528
10 15.8 22 3.47-23.6 31 151 673 3.06 0.745
10 15.8 22.6 3.31-23.0 32 120 675 3.44 0.405
20 7.6 ' 23 1.85-14.7 50 54 1008 26.3 4.20
20 7.5 ' 26 2.07-12.0 50 51 1003 25.8 4.14
10 7.6 7.30 2.12-14.5 49 77 1002 19.1 3.13
10 7.6 - 32 2.18-14.9 49 76 1000 19.4 3.20
20 11.2 178 12.3-59.8 42 40 610 1.07 0.122
20 11.2 17.8 12.3-58.0 42 41 611 1.14 0.195
10 11.2 (8.4 12.9-58.8 41 39 591 0.65 0,109
10 11.3 18.2 13.1-61.8 42 37 599 1.19 0.164
10 27.8 45.6 17.7-78.6 30 40 588 1.16 0.290

' The measurements are reported in the sequence in which they were obtained.
bI Torr= 133.3 Pa. "Inarbitrary units. ' In 10- " cm' molecule-' s- '.

T, <

excimer/FL 2002 dye laser is used to pump this tran- 2000 1000 500 400

sition. The fluorescence is observed through a 270 10-10

nm (24 nm fwhm) interference filter. The gases used
are Ar (99.999%, UHP) from the liquid, 0, (99.6%,
zero grade), C12 (high-purity grade and 1.01% in Ar,
custom grade) all from Linde, and diborane (1.08% 10-,2
in Ar, semiconductor grade) from Matheson.

3. Results "",W -'.
1
37.

E
Plots of In [BCI]re,a,,e versus (0:1 for fixed re- E

action zone lengths yield straight lines with slopes
-kt, where t is the reaction time. k at each experi-
mental condition is determined by using a weighted , -'.
linear regression [2.4]. From this treatment the a0
associated with each k is calculated. Experimental
data are obtained from 540 to 1670 K. Below about
540 K the BCI fluorescence signals are too weak and ,o-,s
unstable to allow meaningful observations. 050 075 '00 25 , 50 175 ZOO 2 25 ., :

Sixty-eight k measurements have been made with 103/T, K'

the mullite and sixty with the quartz reaction tube. Fig. 2. Plot of the rate coefficients obtained for the BCI + O: re-
The data from the mullite tube experiments are given action. e. mullite reaction tube; +. quartz reaction tube.
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in table 1. An Arrhenius type plot of these results
along with the quartz tube data is shown in fig. 2. zo0 Gco 5o 4:c
The two data sets are in agreement: the measure- E .I
ments made in the quartz tube are therefore not sep-
arately tabulated. It may be seen from table I that
the values of k are independent of average total con- o-
centration [M] varied from 7x 10' to 47!x 10' -

cm-1 , average velocity C varied from 13 to 107 m 6 FC1 02

s and F, the BC1 fluorescence intensity at the low- '

est [02] used. In addition k is independent of re- N
action zone length. Within the scatter of the data, fig.
2. no deviation from the normal Arrhenius equation Ek(T) =A exp(-BIT) is evident. A least-squares fit. ,o-'

weighted using ak and ar, yields

k(T)=2.24xlO-10 exp(-4620K/T) 2 "0, "

cm 3 molecule-1 s- (I) '" BF+O

with variance and covariances [3.4.6,7]: a,=7.35 4

X 10- 3.42, a=8.62x 10. a 8 =7.65A. For the fit-
ting expression (1 ) the resulting 2ak(T) confidence 050 075 '00 125 1501 75 2'00 2.L25 2

levels which include a 10% systematic error in the 103/ T, K
flow profile factor [2,8] vary from ±27% at 540 K
to ± 21% in the range 900-1670 K. Fig. 3. Comparison of rate coefficients of the BCI +0, reaction

to the AICI +O. (4] and BF+Q: (51 reactions.

4. Discussion products of both the BC] and AICI reactions at a

Two paths should be considered for the observed number of temperatures.
reaction: The BCI+O 2 reaction may be seen from fig. 3 to

be faster than the AICI+0, reaction over the tem-
BCI+O 2-. OBCI+O (2) perature range investigated. Similarly. BCI -- O is at

least an order of magnitude faster than the BF+O.
reaction, which has been investigated from 675 to

Both channels are spin allowed and exothermic with 1035 K by Light et al. [5]. Over that limited tem-
AHf.s values of -208 and -305 kU mol' re- perature range no deviation from a linear Arrhenius
spectively [9]. On the basis of the current infor- plot is evident for that boron halide reaction either 2
mation we cannot distinguish between these channels. A more extensive comparison between B and Ml
though the magnitude of the pre-exponential in eq. radical oxidation kinetics is underway in our
(I ) suggests the simple O-atom abstraction reaction laboratory.
(2) as the most likely path. By contrast, for the re-
action of the isoelectronic species AICI with 0, a
strongly curved Arrhenius plot was obtained, cf. fig. Acknowledgement
3. That result has been tentatively attributed to a
change in mechanism [4]. The linear Arrhenius plot This work is supported under grant AFOSR-86-
obtained for the BC]+O, reaction thus appears to ' If we accept the lower limit value for the O-( AlO 1 bond to ' 0,

suggest that no change in dominant mechanism oc- kJ mol' from our work [ 1.101. then the dioxide and he o-
curs over the temperature range investigated. Mass yhalide product channels of the BCI. AICI and BF reaction, are
spectrometry experiments are planned to identify the all exothermic.
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High-Temperature Fast-Flow Reactor Kinetics Studies of the Reactions of
At with Ct 2 , At with HCL, and AtCx with C12 over Wide Temperature Ranges

Donald F. Rogowski, t Paul Marshall, and Arthur Fontijn*

High-Temperature Reaction Kinetics Laboratory, Department of Chemical
Engineering, Rensselaer Polytechnic Institute Troy, New York 12180-3590

The HTFFR (High-Temperature Fast-Flow Reactor) technique has been used to

measure rate coefficients for the title reactions under pseudo-first-order

conditions. The relative concentrations of the minor reactants (At-species)

were monitored by laser-induced fluorescence. The following k(T) expressions

in cm3 molecule- I s- 1 are obtained: At + Ct2 * AtCt + Cj, k1 (T) = 7.9 x 10- 10

exp (-780 K/T) between 425 and 875 K; At + HCt + AtCt + H, k2 (T) - 1.5 x 10 10

exp (-800 K/T) between 475 and 1275 K; AICt + Ct2 + AtCt 2 + Ct, k3 (T) -

9.6 x 10"11 exp (-610 K/T) between 400 and 1025 K. Confidence limits are

given in the text. Indications are obtained that the expressions for k1(T)

and k2(T) are approximately valid to at least 1300 and 1700 K, respectively.

The results are discussed in terms of a harpooning mechanism and a modified

form of collision theory, which takes account of long-range attractive poten-

tials and conservation of angular momentum.

t Present Address: Westvaco Research Center, Covington, VA 24426



1. Introduction

The temperature dependence of the kinetics of oxidation reactions of

metallic free radicals represents a little studied subject, of great practical

importance. Theoretical understanding and predictive ability are far less

than for C/H/O/N type reactions,2,3 for which a still inadequate, but much

larger, experimental data base is available. We are engaged in providing an

extensive set of rate coefficient data for At species. Earlier results on

reactions of At and AtO with oxygen oxidizers have been summarized. 1 Most

recently, measurements on the reactions of AxC1 with 02 and CO2 have been

reported. 4,5  Together these reactions show an interesting variety of tn k vs.

T I relations, including approximately Arrhenius,5 zero or small negative

activation energies,6,7 and concave upward, best approximated by double

experimental expressions. 4'8  Reasonable, if not always conclusive, a

posteriori explanations for all these cases can be given.1 '2 '4 -8  In the pre-

sent work, this effort has been extended to include the reactions

At + Ct 2 + AtCL + Ct aHR = -260 kJ mo1-1 () 9

At + HC AtCt + H AHR = -71 kJ mol "I  (2)

AtCt + Ct2 + Atcl 2 + Ct AHR = -108 kJ mo1-1 (3)

Over the present temperature ranges these reactions show, within experimental

error, no deviation from linear Arrhenius tn k(T) vs T"I dependences.

2. Technique

The basic reactor design and methodology of the HTFFR technique have been

discussed10 and details of the most recent design modifications have been

2



described.4 '7 '1 1 The reactor used here consists of a 60 cm long, 2.2 cm i.d.

vertical mullite reaction tube, surrounded by resistance heating elements,

contained in an insulated vacuum housing. It has a usable temperature range

from about 400 to 1800 K. Upstream of the reaction zone free At atoms are

vaporized from an At-wetted tungsten coil at about 1100 to 1300 K and are

entrained in Ar bath gas. This coil can be resistance-heated directly from an

independent power supply. For AtCt reactant production a trace of Ct2, typi-

cally <0.005% of the Ar flow, is added to the bath gas. In earlier experi-

ments it has been shown that this AtCt formation takes place, at least in

part, from reaction (1) in the gas-phase.4 Further downstream Ct2 or HCt is

introduced through a movable inlet, situated at 20 or 10 cm upstream from the

observation plane. Relative At and AtCt concentrations at this plane are

monitored by laser-induced fluorescence using a pulsed Lambda Physik EMG 101

excimer/FL 2002 dye/KDP doubling crystal combination, with coumarin 344 dye.

At is pumped and observed on the 52S1/2-3
2 P1/2 transition at 262.5 nm. For

AtCx the 261.4 nm A-X (0,0) transition is similarly used. To effectively

remove interference from the hot reactor walls, a 262 nm, 13 nm FWHM filter is

placed in front of the EMI 9813 QA photomultiplier tube for all these obser-

vations. The gases used are Ar from the liquid (99.998%) and Ct2 (99.5%)

through the bath gas inlet, and 1% Ct2 (99.5%) in Ar (99.998%) or 5% HCt

(99.995%) in He (99.999%) through the oxidant inlet.

Plots of tn[Ailrelative or tn[AtCt]relative versus [C 2] or [HCt] for

fixed reaction zone lengths (fixed oxidant inlet positions) yield straight

lines with slopes -kt, where t is reaction time. k at each experimental con-

dition is determined by a weighted linear regression. 4 ,10' 12  From this treat-
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ment a Ok associated with each k is found. The uncertainty in temperature is

estimated as a T - ±25 K.4'5  The temperature dependences of the rate coef-

ficients for reactions (1-3) are best described by the equation

k(T) = A exp (-B/T) (4)

The parameters for this fit expression are obtained using regression tech-

niques, which account for ak and aT.1 1.12 Since A and B are dependent parame-

ters, determination of the uncertainties of the fit requires the covariance

2 2 1
0AB, as well as the variances aA and aB2 13 Then, a standard deviation for

the fit may be assigned,

Ok(T) = k(T) [(aA/A)2 - 2 aAB/AT + (aB/T)2 + (0.1)2]1/2 (5)

In this expression, the term 0.1 represents a n/n, the assigned systematic

uncertainty for the flow profile factor n.10'14 The resulting ± 2 ak(T) uncer-

tainties are given in the figures showing the data for the individual reactions.

3. Results

The measured individual rate coefficients for reactions (1) through (3),

and the conditions under which they were obtained, are given in Tables I

through III, respectively. It may be seen that these rate coefficients are

independent of Eq- the average total concentration, 7 the average pressure,

v, the average gas velocity and the oxidant inlet to observation plane

distance, i.e., the observed reaction zone lengths of 10 or 20 cm.

The forty rate coefficient measurements for the At + C'2 reaction (1)

between 425 and 875 K give kl(T) - 7.85 x 10 10 exp(-779 K/T) cm3 molecule "I s-i

with associated variances and covariance, cf. eq. (4), aA = 2.31 x 10- 2 x A2 ,

4



"AB = 1.45 x 10 x A, and a, = 9.45 x 10. For the At + HC reaction (2) the

fifty-three measurements from 475 to 1275 K result in k2(T) = 1.52 x 10
10

exp(-803 K/T) cm3 molecule " s"  with OA2  1.21 x 1 x 2 IAB = 8.98 x A,

and aB2 = 7.24 x 10 3. For the AiCt + C 2 reaction (3) the sixty measurements

spanning the 400 to 1025 K temperature range yield k3(T) = 9.56 x 10-
11

exp(-613 K/T) cm3 molecule "1 S-1, with A2 = 7.38 x 10-3 x A 2, AB =

4.49 x A, and aB = 3.01 x 10n.

The magnitudes of the rate coefficients obtained at the low pressures used

in this investigation indicate that the reactions are bimolecular. The paths

given in Eqs. (1) to (3) represent the only channels accessible from ther-

mochemical considerations.g  Reaction (1) was used as the AtCz production reac-

tion for reaction (3), see Section 2, thus the LIF experiments on the latter

reaction confirm AaCt as a product species of the former.

A number of additional measurements were made11 on reactions (1) and (2)

at temperatures where the Ct2 and HC equilibrium dissociation exceeds 10%.

These data were therefore not used in the above k(T) calculations. However,

no significant deviations from the extrapolated k1(T) were observed till about

1300 K. Further increases in temperature lead to a rapid decrease in

k values, indicative of Ct2 dissociation. The k2 measurements showed no such

drop-off to 1715 K, the highest temperature investigated. It therefore is

probable that the kl(T) and k2(T) expressions given are applicable at least up

to these respective limits.

4. Discussion

The rate coefficients and the fit expressions are shown in Figs. I

through 3. Within the scatter of the data, no definite curvature in the

5



Arrhenius plots can be detected. Since the rate coefficients, especially

those of reaction (1), are close to gas kinetic, no sharp upward curvature

with increasing temperature would have been expected.

There apparently have been no previous experimental measurements of reac-

tions (1-3). However, a theoretical study by Mayer, Schieler and Johnston,

who used a modified BEBO method, predicted k1(T) - 2.8 x 10-13 T0 6 7

exp(-6800 K/T) and k2 (T) = 5.5 x 10
"13 T0"6 7 exp(-3900 K/T) cm3 molecule "I s" ,

respectively.15  These values are several orders of magnitude lower than

measured here and predict too strong a temperature dependence. While the

BEBO approach has led to agreement with experimental data for some H-atom

transfer reactions at 1000 K and above,15 '1 6 for reactions involving metal

atoms, such as At, other approaches are needed.

4.1 At-Atom Reactions (1) and (2)

The pre-exponential factor for reaction (2) is typical for atomic

metathesis. 17a By contrast reaction (1) has a significantly larger pre-

exponential, which is consistent with an electron-jump mechanism. The simple

harpoon model18 predicts that electron transfer will occur at a separation

r c where

IP(At) - EA(CL 2 ) = e2/4To rc  . (6)

Using values for the ionization potential IP of At of 5.986 eV19 and for the

vertical20 electron affinity EA of CL2 of 1.02 eV,21 we calculate a reaction

cross section o = wrc of 0.26 nm2 . This is in accord with the mean cross

section at the mid-point of the experimental temperature range, o = 0.28 nm2.

An alternative interpretation of the At-atom reactions can be based on

collision theory. The reaction cross section from simple collision theory in

6



terms of the collision diameter d, the collision energy ET and the energy

threshold Eo is22

"SCT = 0 ET < Eo
= ird2 (1-Eo/ET) ET ;0 Eo

In order to estimate d we take account of long-range attractive potentials of

the form V(r) = -C6/r
6 . The maximum impact parameter bmax leading to colli-

sion is given by
22

b2  = (3/2)2/3 (3 C6/E)1
/3  (8)

max

Saltzman's approximation and set d2 equal to b2  at the mean collision energy
max

of the experiments. 2 3  Integration of Eq. (7) over a thermal energy distribu-

tion yields the standard result
22

kScT(T) = wd2 (8kBT)/ul) 112 exp(-Eo/RT) . (9)

For reaction (1) C6 is estimated via the Slater-Kirkwood expression:
24

C6 = 2.48 x I0"78 ai 2/[(ai/nI)1 /2 + (a2/n2 )1/21 J m6  (10)

where a, and a2 are the polarization volumes for the reactants expressed in

units of 10-24 cm3 and n, and n2 are the number of outer shell electrons.

The a values for Al and Ct2 19 lead to C6 = 4.25 x 10
- 77 J m6 and hence

wd2 = 0.87 nm2 . We fit E to the experimental value of kI at 650 K and find

E= 6.1 kJ mol "I. With this value Eq. (9) agrees with the experimental fit

to kl(T) to within 15% over the temperature range studied.

We may now apply this simple collision theory to reaction (2). In order

7



to calculate C6 for a system involving dipole-induced dipole forces, these

forces are taken into account by an additional 
term 25

C6 = p2 G/4lIco j m6 (1)

where a is the polarizability volume of At and p the dipole moment of HCt.

Equations (10) and (11) yield contributions to the total C6 coefficient of

2.48 x 10.77 and 9.7 x 10 79 j m6 , respectively. The resulting wd2 is 0.67

nm2 which would imply a pre-exponential factor from Eq. (9) about 5 times

larger than observed for reaction (2). The discrepancy may be due to effects

from conservation of angular momentum. Gonzalez Urena et al. have shown that

among exothermic atom-diatomic molecule reactions with low barriers, those

which have a ratio of the reduced mass of the products to that of the reac-

tants considerably smaller than 1 may have a reduced cross section and hence a
26

rate coefficient smaller than predicted by Eq. (9). For reaction (2) this

ratio is 0.063. This can be contrasted to reaction (1) where this ratio is

1.2 and no angular momentum restrictions 
arise.26

For the reaction heavy + heavy-light + heavy-heavy + light the departing

light atom carries little angular momentum. Conservation of angular momentum

requires therefore that the initial orbital angular momentum of the reactants,

which is equal to (2pETb2 )1/2, is almost completely converted to product

rotational angular momentum. Here U is the reduced mass of the reactants and

b is the impact parameter. The product angular momentum is (21'E)112 , where

V is the moment of inertia of the diatomic product and ER' is its rotational

energy.26 ,27  The largest momentum-allowed impact parameter bmax is then

given by bmax - I' Emax/(IET). The maximum rotational energy Eh,max reflects

8



the energy disposal of the reaction. Here we shall assume O,max - 8(ET + Q)

where Q is the reaction exothermicity and 8 is the fraction of the total

available energy which is partitioned into rotation, 2 3 further assumed to 'e

2
constant. Noting that I' Ur , where r is the equilibrium separation of the

heavy-heavy product molecule i.e. AzCz, 27 we can derive a cross section

aAM which is restricted by angular momentum:

2 20 (E
'AM = bmax r . T (E"V Q)/E)

aSCT increases with increasing ET whereas AAM decreases, so that the cross

section a reaches a maximum at a collisional energy Emax where

Emax = (d2 Eo + r23Q)/(d 2 - 3r2) . (13)

Thus

:0 ET < Eo

- id2 (I - Eo/ET) Eo 4 ET < Emax (14)

- wr 2B (1 + Q/ET) Emax 4 ET

Integrating this a over a thermal distribution of ET yields a rate coef-

ficient kAM that reflects the influence of angular momentum conservation:

kA (T) = kScT(T) - - -kT )1/2 x

max 0C 2[ (RU +Q

Ind2 (RT + E max - E ) (RT + Emax +  exp(-E /RT). (1)

Qualitatively, it may be seen that if Emax is close to E0 (i.e., B is small)

kAM(T) will have a similar temperature dependence to kScT(T) but a smaller

pre-exponential factor.

We have calculated kAM(T) for the reaction At + HC. using literature

9



values of Q = 71 kJ mo1- 1 and r = 0.213 nm, 9 and find agreement to within 5% of

the experimental fit expression when E= 8.3 kJ mo- 1 and a = 0.12. These

values correspond to Emax = 10.4 kJ mol " . The value of a is consistent with

an approximately linear transition state which imparts little torque to the

departing ACL. By contrast, the reaction Li + HCx has a larger $ of

0.3,23 ,28 an observation which is consistent with the bent transition state

derived from ab initio calculations.29 While the particular values of Eo and

$ for reaction (2) are best determined by molecular beam techniques, this

treatment illustrates that kinematic effects may have a significant influence

on the magnitude of thermal rate coefficients.

4.2 ALCt Reaction (3)

The measured pre-exponential of reaction (3), 9.6 x 10- 11 cm3 molecule "1 s- 1 ,

is large compared to other metathesis reactions between diatomic reactants.
17b

This factor, combined with the low activation energy, is consistent with there

being a harpooning component to the mechanism: application of the electron-

jump model used for reaction (1) with IP(AtCt) = 9.4 eV
9 yields a = 0.092 nm2

at 700 K. The experimental value is similar but somewhat smaller, 0.060 nm2.

We may further view the large pre-exponential of k3(T) in terms of the reverse

reaction. The equilibrium constant is approximately 2.6 exp(12700 KIT) over

the range 400 to 1000 K,9 which implies k 3(T) - 4 x 10"11 exp(-13300 K/T).

This pre-exponential factor is reasonable for an atomic metathesis. 17a

4.3 General Observations

Reactions (1) through (3) have large cross sections and are therefore

suitable candidates for molecular beam studies, the results of which could

permit a more quantitative collision theory interpretation of reactions (2)

10



and (3). Further theoretical development is also desirable to satisfactorily

describe these reactions.

It is interesting to compare k(T) for the At + C12 and Az + HCi reactions

to the k = 3.4 x 10-11 cm3 molecule "1 s - 1 , independent of temperature from 300

to 1700 K, obtained for the At + 02 reaction.6  That reaction apparently goes

through an intermediate complex, which preferentially dissociates to the origi-

nal reactants. 1'2'6  The positive temperature dependence of reactions (1) and

(2), as well as their larger pre-exponentials, indicates that no such complex

is formed in these Ct-transfer reactions. Similarly, k3(T) may be compared to

the k(T) of the AiCt + 02 and AxCx + CO2 reactions of 1.3 x 10-12 exp(-3400 K/T)

+ 3.4 x 10- 9 exp(-16100 K/T) from 490 to 1750 K4 and 2.5 x 10-12 exp(-7550 K/T)

cm3 molecule -1 s"1 from 1175 to 1775 K,5 respectively. All three reactions

have positive temperature dependences, but the Ct-transfer reaction (3) is, in

the observed temperature regime, more than two orders of magnitude faster than

the other two reactions.
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Figure Captions

Fig. 1 Rate coefficient data for the At/Cl 2 reaction

Rate expression fit of the data given in text.

Two standard deviations to the fit of the rate expression as

described in the text.

Fig. 2 Rate coefficient data for the At/HCI reaction

Rate expression fit of the data given in text.

---- Two standard deviations to the fit of the rate expression as

described in the text.

Fig. 3 Rate coefficient data for the AtCX/CX 2 reaction

Rate expression fit of the data given in text.

Two standard deviations to the fit of the rate expression as

described in the text.
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